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INTRODUCTION 

The o b j e c t i v e  o f  t h i s  study i s  the  simultaneous design o f  the  s t r u c t u r a l  and 
con t ro l  system f o r  space s t ruc tu res .  This  study i s  focused on consider ing the  e f f e c t  
o f  t he  number and the  l o c a t i o n  o f  the  actuators  on the  minimum weight o f  t he  s t ruc -  
ture,  and the  t o t a l  work done by the  actuators  f o r  spec i f i ed  cons t ra in t s  and d i s t u r -  
bance. The c o n t r o l s  approach used i s  the  l i n e a r  quadra t ic  regu la to r  theory  w i t h  con- 
s tan t  feedback. A t  t he  beginning co l l oca ted  ac tua tors  and sensors a re  prov ided i n  
a l l  the  elements. The ac tua tor  doing the  l e a s t  work i s  removed one a t  a time, and 
the  s t r u c t u r e  i s  opt imized f o r  t he  spec i f i ed  cons t ra in t s  on the  c losed- loop eigen- 
values and the  damping parameters. 
t inued u n t i l  an acceptable design s a t i s f y i n g  the  cons t ra in t s  i s  obtained. 
draws some conclusions on the  t rade between the  t o t a l  work done by the  actuators,  and 
the  optimum weight and the  number o f  actuators .  

The procedure o f  e l i m i n a t i n g  an ac tua tor  i s  con- 
The study 

OBJECTIVES 

Min i  mum weight design 

Simultaneous structural and control disciplines 

Closed-loop damping and eigenvalue requirements 

Effect of the number and location of actuators 

Study of the work done by actuators 
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OPTIMIZATION PROBLEM 

Minimize W, weight of the  s t ruc tu re ,  such t h a t  t he  cons t ra in t s  on the  closed- 
loop frequencies,  i;i, and the  closed- loop damping, Zi, a re s a t i s f i e d .  
t i o n  problem was solved by us ing the  NEWSUMT-A program, which i s  based on the  ex- 
tended i n t e r i o r  pena l ty  func t i on  method w i t h  Newton’s method o f  unconstrained 
min imizat ion.  

This  opt imiza-  

Structure/Control Optlmlzatlon Problem 

Minimlze weight 

Such that  

Where 
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CONTROL THEORY 

I n  the  s t a t e  i n p u t  Eq. 1 (below) (x) i s  t he  s t a t e  va r iab le  vec tor  and (f) i s  the  
i npu t  vector .  The matr ices [A]  and [B] are the  p l a n t  and inpu t  matr ices.  The p l a n t  
ma t r i x  i s  a func t i on  o f  t he  s t r u c t u r a l  f requencies.  Eq. 2 de f ines  the  performance 
index where [Q] and [R ]  are the  s t a t e  and con t ro l  weight ing matr ices.  The r e s u l t  o f  
min imiz ing the  performance index and s a t i s f y i n g  the  i npu t  equat ion g ives  the  s t a t e  
feedback con t ro l  law g iven i n  Eq. 3 .  The R i c c a t i  m a t r i x  [ P I  i n  Eq. 4 i s  obtained by 
an i n t e r a c t i v e  s o l u t i o n  o f  t he  Algebra ic  R i c c a t i  equation. 

Control System Design 

State input equation 

= [ A l { 4  + [Bl{f> (1) 

(2) 

{f} = -[W4 (3) 

El = [ w l [ B I T [ p l  (4) 

(5) 

Performance index 

P I  = J t  0 ({#[QIW + {f>TIR1{f>) d t  

State feedback control law 

Optimum gain matrix 

Algebraic Riccati equation 

[AIT[f'l - ~ f ' l [ ~ I [ ~ l - l [ ~ l T [ ~ l  + [P I [Al+  [SI = 0 
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CONTROL THEORY (CONC) 

The op t ima l  c losed- loop system i s  def ined i n  Eq. 1 (below). The s o l u t i o n  t o  
t h i s  equat ion  i s  g i v e n  i n  Eq. 3 where x ( o )  i s  t h e  i n i t i a l  va lue  o f  t h e  s t a t e  v e c t o r  
a t  t i m e  t = 0. 
Eq. 5 where 
1 oop damping parameter. 

The complex eigenvalues o f  t h e  c losed- loop m a t r i x  [ A ]  a r e  d e f i n e d  in 
and W i  a r e  t h e  r e a l  and imaginary p a r t s .  Eq. 6 d e f i n e s  t h e  c losed-  

Control System Design 

Optimal closed-loop system 

= [m2) 
VI = P I  - [ B l m  

Solution 
(2) = e[~]i{z(o)) 

Closed-loop eigenva I ues 

A; = V; f jai 

Damping parameter 

(3) 

(4) 

(5) 
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PROBLEM D E S C R I P T I O N  

This figure shows the finite-element model of ACOSS-FOUR. The number along the 
elements indicates the collocated actuator and sensor numbers. The structure has 
twelve degrees of freedom, and four masses of two units each are attached at nodes 1 
through 4. The constraints imposed on the optimum design are w1 = 1.341, w2, 2, 1.6 
and El = 0.2574. To calculate the work done by the actuators and study the transient 
response, an initial displacement o f  unit magnitude is given at node 2 in the x di- 
rection at time t = 0. The diagonal elements in the left top half of matrix [Q] are 
equal to the square of the structural frequencies, and the weighting matrix [R ]  is an 
identity matrix. 

8 

b 

lNlT1 AL UNIT DISPLACEMENT 
AT NODE 2 AT T = 0.0 

ACOSS FOUR (ACTUATOR LOCATIONS) 

MINIMIZE T H E  WEIGHT WITH CONSTRAINTS O N  

61 = 1.341 

G2 2 1.6 

& = 0.2574 

WEIGHTING MATRICES 
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NUMERICAL RESULTS 

This  t a b l e  g ives the  rank o f  the  work done by each ac tua tor  f o r  d i f f e r e n t  de- 
s igns.  The f i r s t  row g ives the number o f  actuators  as de f ined i n  the  f i g u r e  on the 
previous page. 
each design. The f i r s t  design, 12*, i s  the  i n i t i a l  design which i s  nonoptimum. A l l  
o ther  designs are optimized. 
seen t h a t  t he  rank ing  o f  the  work done f o r  the  nonoptimum and optimum design w i t h  
12 ac tua tors  i s  no t  the  same. I n  the  optimum design the  maximum work i s  done by ac- 
t u a t o r  No. 7, and the  l e a s t  work by actuator  No. 6. Hence, f o r  the  design w i t h  
11 ac tua tors  the  s i x t h  ac tua tor  was removed. 
imum weight design s a t i s f y i n g  the  cons t ra in t s  on the  c losed- loop eigenvalues and the 
damping parameters was obtained. 
the  work done by the  actuators  when f i v e  actuators  are present.  A design s a t i s f y i n g  
the  cons t ra in t s  w i t h  l e s s  than f i v e  actuators  could no t  be obtained. 

The f i r s t  column on the  l e f t  g ives the  number o f  ac tua tors  present i n  

It i s  The design w i t h  12 actuators  was f i r s t  obtained. 

This  process was cont inued u n t i l  a min- 

The bottom row i n  the  t a b l e  shows the  rank ing  o f  

RANK ORDER OF ACTUATOR INPUT 

NUMBER 

ACTUATOR 
OF 1 2 3 4 6  6 7 8 9 10 11 12 

12* 
12 
11 
10 
9 
8 
7 
6 
6 

6 6 8 7 11 12 1 3  2 4 9 10 
2 3 6 6  4 1 2 1 8 7  9 10 11 
2 3 4 9 1 1  1 7 6  6 8 10 
2 3 4 9  1 7 6  6 8 10 
2 4 9 3  1 6 6  8 7 
2 4  3 1 6 6  8 7 
2 3  4 1 6 6  7 
I 3  6 2 4 6  
1 4  2 3 6  

*INITIAL DESIGN 
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NUMERICAL RESULTS (CONT) 

T h i s  t a b l e  summarizes t h e  weight,  t h e  t o t a l  work done by a l l  t h e  ac tua tors  and 
t h e  magnitudes o f  t h e  performance i n d i c e s  f o r  each design. A minimum weight des ign 
w i t h  minimum t o t a l  work done i s  obta ined w i t h  11 ac tua tors .  
work done w i t h  10 a c t u a t o r s  a re  a l s o  n e a r l y  equal t o  t h e  des ign w i t h  11 ac tua tors .  
So a l s o  f o r  these designs, t h e  magnitude o f  t h e  performance index, P I ,  i s  t h e  
small  e s t .  

The weight and t h e  t o t a l  

PERFORMANCE INDEX, TOTAL WORK AND WEIGHT 

NUMBER 
OF TOTAL 

ACTUATORS PI1 PI2 PI WORK WEIGHT 

12* 
12 
I1 
10 
9 
8 
7 
6 
6 

169.3 169.8 319.1 79.44 43.69 
41.16 40.28 81.43 21.92 14.62 
39.76 38.86 78.62 19.82 14.39 
40.72 40.11 80.83 19.82 14.40 
48.66 47.93 88.49 24.08 14.43 
62.02 49.10 101.12 24.07 14.43 
64.29 64.63 128.92 28.18 16.22 
77.27 80.62 167.79 36.71 21.60 
91.66 96.01 187.66 36.60 21.66 

*INITIAL DESIGN 
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NUMERICAL RESULTS (CONT) 

T h i s  t a b l e  shows t h e  percentage o f  work done by t h e  f i r s t  f i v e  ac tua tors .  The 
For designs w i t h  more than remain ing a c t u a t o r s  d i d  l e s s  than 5% o f  t h e  t o t a l  work. 

s i x  ac tua tors ,  a c t u a t o r  No. 7 d i d  t h e  maximum work. For t h e  remain ing two cases w i t h  
s i x  and f i v e  ac tua tors ,  a c t u a t o r  No. 1 d i d  t h e  maximum work. 

PERCENTAGE OF WORK DONE BY THE ACTUATORS 

NUMBER 
OF I 2 7 8 9 

ACTUATOR 

12* 
12 
11 
10 
9 
8 
7 
6 
6 

6.6 
17.0 
21.0 
21 .o 
17.0 
18.0 
26.0 
36.0 
37.0 

6.6 
11.0 
16.0 
16.0 
8.0 
9.0 
11.0 
11.0 
11 .o 

30.2 
34.0 
36.0 
31 .O 
37.0 
40.0 
39.0 
26.0 
29.0 

12.2 
6.1 
6.0 
4.0 
6.2 
6.6 
7.3 
10.0 
14.0 

24.0 
3.3 
6.8 
6.3 
6.3 
6.3 
6.8 
8.2 
8.0 

*INITIAL DESIGN 
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NUMERICAL RESULTS (CONC) 

This table shows the closed-loop damping parameters for all the designs for the 

Comparing the damp- 
12 modes. The damping parameter associated with the first mode i s  equal to 0.25, in- 
dicating that this constraint is satisfied for all the designs. 
ing parameters for all the designs, it is seen that as the number of actuators is 
reduced, the damping parameters associated with the unconstrained modes go on de- 
creasing. For the designs with l l  and 10 actuators, the damping parameters asso- 
ciated with the first 5 modes are equal. 1 

CLOSED-LOOP DAMPING PARAMETERS 

12* 

0.26 
0.23 
0.19 
0.16 
0.16 
0.13 
0.01 
0.10 
0.06 
0.04 
0.04 
0.03 

12* 

0.26 
0.23 
0.16 
0.14 
0.16 
0.09 
0.09 
0.09 
0.07 
0.07 
0.07 
0.06 

11* 10* 

0.26 0.26 
0.23 0.23 
0.16 0.16 
0.16 0.16 
0.16 0.16 
0.09 0.09 
0.10 0.09 
0.06 0.04 
0.06 0.06 
0.07 0.04 
0.07 0.07 
0.07 0.07 

9* 

0.26 
0.16 
0.17 
0.10 
0.14 
0.06 
0.09 
0.07 
0.07 
0.07 
0.06 
0.04 

8* 

0.25 
0.16 
0.17 
0.10 
0.14 
0.06 
0.09 
0.07 
0.06 
0.07 
0.03 
0.03 

7* 

0.26 
0.10 
0.16 
0.09 
0.09 
0.10 
0.07 
0.03 
0.03 
0.07 
0.04 
0.06 

6* 

0.25 
0.06 
0.03 
0.08 
0.08 
0.03 
0.06 
0.06 
0.04 
0.04 
0.04 
0.03 

6* 

0.25 
0.06 
0.03 
0.08 
0.08 
0.03 
0.06 
0.06 
0.04 
0.03 
0.04 
0.01 

*NUMBER OF ACTUATORS 
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TRANSIENT RESPONSE 

These two figures show the dynamic response of the designs with 10 actuators and 
5 actuators. transient response was simulated for a period of 25 seconds at a 
time interval t = 0.05 secs. The magnitude o f  the LOS (line-of-sight error) is given 
by the square root of the sum of the squares of the X and Y components of the dis- 
placement at node 1. 

The 

10 ACTUATORS 

o'6: "1 0.4 

"." I I I 1 I I I I I I I 

2 4 6 8 10 12 14 16 18 20 22 24 

TIME (5) 

5 ACTUATORS 

2 4 6 8 10 12 14 16 18 20 22 24 

TIME (s )  
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CONCLUSIONS 

This work studied the optimum design of an ACOSS-FOUR structure starting with 
twelve actuators, one in each member. The performance index, the total work done by 
all the actuators, and the optimum weight satisfying the specified closed-loop re- 
quirements are compared. 
strained damping values decreased substantially compared to twelve actuators. 
this fact, the work done by the actuators increased to reduce the transient response 
or in effect to control the disturbance. The optimum weight realized increased to 
meet the specified closed-loop damping and eigenvalues. The closed-loop system per- 
formance index has also had similar effects. For 10 actuators, the total work, per- 
formance index and optimum weight were the best, but reducing the number of actuators 
beyond this number demanded increased work done by the controllers and an increase in 
the structural weight. 

With a decrease in the number of actuators, the uncon- 
Due to 

0 Simultaneous structural and control optimization 

with closed-loop damping and eigenvalue requirements 

NEWSUMT-A- An optimizer for solving the problem 

Optimum number of actuators for best performance 

Fewer actuators provide less active damping 

Actuators closer t o  disturbance perform more work 

1392 


